In mammalian brains, astrocytes represent the most abundant cell type accounting for approximately 20% ~ 40% of the total number of brain cells.
also termed as peripheral fine processes or perisynaptic astrocytes processes (PAPs), are the finest processes which cannot be reliably imaged by light microscopy; End feet are specialized and polarized astrocyte structures in contact with blood vessels. Compared to rodent astrocytes, human protoplasmic astrocytes are found to be ~2.5 times larger in diameter, ~16.5 times larger in volume, 12 and 10 times increase in number of GFAP-positive processes which are radially and symmetrically in all directions from soma. 13 Importantly, individual human astrocyte covers ~2 million synapses, 13 with a synaptic density of ~1100 million synapses mm -3 . In addition, there is a type of glia, with several (up to 5) very long (up to 1 mm) unbranched processes and called varicose projection astrocytes, exists only in human brain. 12 The increased astrocyte complexity in human brain account, at least in part, for human intelligence. 13, 14 Recent studies using morphological reconstruction along with transcriptomic and proteomic analysis suggest astrocytes exhibit regional and microenvironmental divesity, 10, 15 and astrocyte PAPs may exhibit local synaptic activity-, brain state-, or behavior-dependent structural remodeling. [16] [17] [18] [19] We are only beginning to understand the molecular basis of the astrocyte structural diversity and plasticity, yet much remains unknown regarding how it contributes to synapse, neural circuit, and behavior functions. Reactive astrogliosis is detected in nearly all kinds of injuries and neurological disorders, usually in the late stage of the neurodegeneration. [20] [21] [22] However, emerging evidence suggests that astrocytes display morphological deficits preceding astrogliosis that may contribute to the progression of neurological diseases. 23 
| MORPHOLOG IC AL DIVER S IT Y OF A S TRO C Y TE S

| Phenotypes
Recent progress has shown that protoplasmic astrocytes in rodent CNS appear to be regional and layer-specific diverse. 10, 15 Within a single astrocyte territory, the number of neuronal cell bodies and synapse density vary dramatically: ~50 700 excitatory synapses and about 20 neuronal cell bodies in the striatum, ~95 200 excitatory synapses and at most 1 neuronal cell body in the hippocampus, 10 and 300-600 neuronal dendrites and 4-8 neuronal cell bodies in the cortex. 24 Within the hippocampal CA1 s.r (stratum radiatum) of rats, protoplasmic astrocytes also display morphological diversity, that is, fusiform, elongated, and spherical cells were distinguished. 8 Similarly, in the hippocampal dentate gyrus (DG) of albino Swiss mice, two morphological phenotypes, that is, type I and type II, astrocytes were found. Type I astrocytes exhibited significantly higher values of morphological complexity which were more sensitive to aging and environmental influences as compared with type II. 25 In mouse somatosensory cortex, astrocytes in different layers exhibited distinct morphologies. Lanjakornsiripan et al 15 reported that astrocytes in layer II/III tended to elongate radially, in contrast, layer VI astrocytes tended to elongate tangentially. Significant differences in territory volume were also detected among different layers and brain regions. 10 Whether or not these phenotypes produce functional heterogeneity is unknown.
Only a proportion of synapses are enwrapped by astrocytes. In the mouse somatosensory cortex, the ensheathment of synaptic clefts by astrocytes in layer II/III (about 80%) is greater than those in layer VI (about 40%). 15 In the layer IV, 90% of spines are reported to be contacted by astrocytes, and most of them (about 68%) have astrocytes contacting the synaptic clefts. 26 Cross-regional diversity is also reported. In the rat neocortex, only 29%-56% of excitatory synapses are ensheathed by astrocyte processes. 16, 26 In contrast, in hippocampal CA1 s.r, PAPs are present in approximately 57 to 62% of synapses, 27, 28 and synapses are larger when astrocyte processes are present at the axon-spine interface (ASI). 27 Given that synapses are larger when perisynaptic astrocyte is present than when it is absent, 27 it is possible that these synapses are functionally different from those without astrocyte ensheathment. 36 In addition, regional diversity also exists. The striatal astrocyte processes are further away from PSD centers for all types of spines in comparison with those in hippocampal CA1. The number of astrocyte-contacted synaptic interfaces in hippocampal CA1 s.r is larger than those in striatum. 10 The spatial proximity of PAPs to synaptic clefts controls the functional efficiency of astrocyte transporters, such as glial glutamate transporters (GLTs: GLT1 and GLAST), hence modulates synaptic transmission. 37 For example, PAPs that deeply invade into synaptic clefts (> 150 nm) show higher GLTs efficiency than those without invading, which decreases the excitatory synaptic transmission. 37 In summary, the way how astrocyte PAPs present, approach, or contact with synapses may affect synaptic strength, plasticity, and efficiency at a single synapse, and it varies among single synapses within the same neural microcircuit and among different brain regions.
| Molecular basis
How their morphological diversity is established remains incompletely understood. Layer-specific differences in astrocyte properties are abolished in reeler and Dab1 conditional knockout mice, where the proper neuronal layers are diminished, 15 suggesting neuronal layers guide astrocyte morphogenesis. Another study that highlights the neuronal cues for astrocyte morphology/morphogenesis is that Stogsdill et al reported that direct contact with neuronal processes, through the interaction of astrocytic neuroligin (NL) family proteins, that is, NL1, NL2, and NL3, with neuronal neurexins is required for proper astrocyte morphology/morphogenesis. 38 Interestingly, the three β-isoforms of neurexins, binding to all three NLs, 39 show regional-specific distribution pattern. 40 In all, it
indicates that the regional-specific expression of astrocyte-neuron signaling molecules such as neuroligin and neurexins plays a role in astrocyte morphological heterogeneity.
The 30 also contributes to the establishment of hippocampal astrocyte polarity during postnatal brain maturation. 42 Moreover, connexin 30 controls the insertion of astroglial processes into synaptic clefts, hence modulates glutamate uptake. 37 Both connexins are found to be enriched within barrels, compared with septa and other cortical layers. 43 This regional diversity of connexin expression may contribute to morphological heterogeneity of astrocytes.
In Drosophila, astrocytes show similarity to the mammalian protoplasmic astrocytes. 44, 45 The astrocyte outgrowth into synaptic regions and the size of individual astrocytes are mediated by the Heartless (Htl) fibroblast growth factor (FGF) receptor signaling pathway. Pyramus and Thisbe, the only known FGFs activating Htl and produced by neurons, direct astrocyte processes to ramify specifically in CNS synaptic regions. 45 The FGF signaling pathway is also required for extension of ensheathing glia process to insulate each neuropil compartment in the antennal lobe 46 and for branch extension of astrocyte-like medulla neuropil glia (MNG) into the synaptic neuropil in the visual system of Drosophila. 47 Apart from the FGFs pathway, the focal adhesion (FA) molecules, such as Tensin, β-integrin, Talin, focal adhesion kinase (FAK), or matrix metalloproteinase 1 (Mmp1), are also critical regulators of astrocyte morphological development. 48 Thus, the FGF signaling together with FAs are suggestive cues for morphogenesis and morphological heterogeneity of 
| MORPHOLOG IC AL PL A S TICIT Y OF A S TRO C Y TE S
| Phenotypes
Astrocytes show structural plasticity in response to synaptic activity and behavior, which in turn contributes to the remodeling of the surrounding synapses. Therefore, understanding astrocyte structural plasticity is essential toward to deciphering the molecular basis for learning, memory, and other brain activities.
Astrocytes show rapid, within few hours, and reversible structural remodeling that occurs in PAPs to change the extent of the coverage of neutrophil in response to strong behavioral stimuli, like parturition, lactation, osmotic stimulation, and stress. 49 Astrocyte structural remodeling also occurs during the switch of brain states. 51 ). Thus, astrocytes may be involved in the on-off switch for consciousness, a process that has been enigmatic. In the mediobasal hypothalamus, the high-order processes of astrocytes displayed shortening in fasting and elongation in fed status. 52 Astrocyte structural remodeling is also instructed by neuronal activities evidenced by both in vitro slice preparation [53] [54] [55] and in vivo detection. 16, 18 For instance, synaptic activation that induces hippocampal LTP or in vivo whisker stimulation is sufficient to induce a rapid, within dozens of minutes, PAPs motility, accompanied with increased astrocytic coverage of spines. 16, 18 In short, PAPs are highly dynamic structures, of which the plasticity can occur from minutes to hours under the brain activities in various regions.
| Molecular basis
Recent studies have revealed that PAPs plasticity can be regulated by synaptic activity. Early electron microscopy data revealed that sustained whisker stimulation elicited significant increase in the astrocytic ensheathment of excitatory synapses on dendritic spines with increased glutamate transporter expression. 56 This finding is further confirmed by in vivo observations in mouse somatosensory cortex. 16, 18 Interestingly, the activity-related structural plasticity of PAPs seems to be glutamate-and action potential-dependent, as well as metabotropic glutamate receptors (mGluRs) mediated, but independent from GABAergic transmission. 57 However, the basal motility of PAPs may be independent of action potentials. 58 Structure plasticity of primary astrocytes was simulated by application of mGluR 3 and 5 agonists, but abolished by a combination of glutamate with mGluR antagonists. 19 These findings were further confirmed by investigation performed in the hippocampal slices. 16 Together, these data indicate that neuronal activity-dependent PAPs plasticity is mediated by mGluRs. Actin remodeling is a primary driving force for morphological plasticity of peripheral extremities in a variety of cell types. 53, 57 The membrane cytoskeleton linker Ezrin is enriched in astrocytes, 63, 64 especially located in PAPs, but not GFAP-labeled main branches. 19, 65 Interestingly, filopodia formation and motility require Ezrin in the membrane/cytoskeleton bound form which is glutamate-induced and Ca 2+ -dependent, 66 as revealed by applying Ezrin siRNA or dominant-negative Ezrin in primary astrocytes. 19 Ca 2+ -dependent PAPs plasticity is also mediated by actin-binding protein Profilin-1.
Overexpression of mutant Profilin-1 in cultured astrocytes fully suppressed PAPs motility induced by photolysis of caged Ca 2+ release. 61 In addition, the Rho family of GTPases is also known to regulate the actin cytoskeleton through various pathways and thus control cell morphology. Members of the Rho family of GTPases, such as RhoA, Cdc42, Rac1, and the Rho-associated kinase (ROCK), are expressed in astrocytes and required to the structural plasticity of astrocytes (reviewed in ref. 67 ). This evidence indicates that astrocytic Ca 2+ -dependent actin remodeling mechanisms are key regulators for PAPs plasticity.
Alternative pathways/mechanisms are reported to participate in metabolic-and state-dependent astrocytic structure plasticity.
Structure plasticity of astrocytes during metabolic physiology is mediated by IKKb/NF-kB pathway. Chronic overnutrition induced astrocytic plasticity impairment, with sustained shortening of high-order processes, was simulated by upregulation of astrocytic IKKb/NF-kB but prevented by appropriate inhibition in astrocytic IKKb/NF-kB. 52 By contrast, state-dependent PAPs plasticity is likely mediated by swelling of astrocytic processes (reviewed in ref. 51, 68 ). Neuronal excitation during wakefulness and general anesthesia recovery is accompanied by increased extracellular K + concentration, 17 and astrocytic K + uptake with the correlated H 2 O influx causes cell swelling. 51, 68 Importantly, involvement of β-adrenergic receptors (βARs) is also reported. Concerted release of norepinephrine mediates arousal 69 ; and activation of βARs, through increased cytosolic cAMP concentration, expand the astrocytic wrapping of the neuropil and reduce ECS volume. 70 Therefore, astrocyte PAPs plasticity is diverse in phenotypes, and multiple mechanisms/pathways may underlie different phenotypes depending on physiological conditions (Figure 2 ).
| Functional implications
It is well recognized that PAPs plasticity modulates the synaptic efficacy, 33 ,71 spine stability, 53 and synaptic maturation. 16, 18 However, how PAPs plasticity contributes to behaviors? Direct manipulation of astrocyte structural plasticity in a specialized circuit with welldefined behavior output is needed to answer this question. 
| A S TROC Y TE MORPHOLOG IC AL DEFICITS IN NEURODEG ENER ATIVE DISE A SE S
Astrocytes become reactive in response to injury or other pathological processes. Upregulation of GFAP, the main constituent of F I G U R E 2 PAPs plasticity regulates the astrocytic coverage of synapse and synaptic transmission. A, A synapse with limited astrocytic coverage with low glutamate uptake by GLTs but high glutamate spillover which facilitates the activation of the extrasynaptic NMDAR and mGluRs. B, Increased PAPs plasticity, induced by mGluRs-mediated Ca 2+ signals, enhances astrocytic coverage of synapse, with increased glutamate uptake by GLTs but decreased glutamate releasing into the extracellular space (ECS) and extrasynaptic activation. AMPAR, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; GLTs, glial glutamate transporters, including GLT1 and GLAST; mGluRs, metabotropic glutamate receptors; NMDAR, N-Methyl-D-aspartic acid receptor; PSD, postsynaptic density astrocyte intermediate filaments, has been considered as a hallmark of reactive astrocytes in primates and rodents. [20] [21] [22] The increased number and length of GFAP-positive processes revealed by GFAP immunostaining has been found in a variety of pathological conditions and has been often used to define astrocytic morphological changes such as cellular hypertrophy. 78 However, GFAP staining only reveals the cytoskeletal structure but not the entire cellular morphology, thus cytoskeletal hypertrophy would be a better term to describe astrocyte reactivity while GFAP expression is concerned. Indeed, detailed morphological analysis of astrocytes in neurotrauma models revealed a remarkable increase in GFAP expression with little change in the extent of overlap between the unique domains of individual astrocytes, and no apparent cellular hypertrophy was found. 
| Parkinson's disease (PD)
Emerging evidence suggests that astrocytes are involved in PD.
Several PD-related genes including PARK7, PARK2, and SNCA were found to play important roles in astrocyte biology and contribute to PD pathophysiology. 89 However, astrocyte morphological changes in the progression of PD remain obscure. Studies on autopsies of the substantia nigra and putamen from Parkinson's disease patients revealed little or only mild reactive astrogliosis by using GFAP staining. 90 
| Huntington's Disease (HD)
Accumulation of mutant huntingtin protein (mHTT) in cortical and striatal astrocytes was detected in brains from HD patients and in mouse models of HD, which disrupts astrocyte glutamate transporter expression and contributes to HD pathology. 92 In the (b) disrupted astrocyte intracellular Ca 2+ signaling and extracellular glutamate uptake mediated by GLT1, which could be rescued partially by Kir4.1 overexpression in R6/2 mice. 94 Importantly, by limiting the lateral charge transfer or by providing the driving force, Kir4.1 conductance modulates the activity of GLT1. 95 It is also noteworthy that Kir4.1 loss of functions have been found in a F I G U R E 3 Morphological deficits of astrocytes in the early onset of neurodegeneration. A, Cartoon presentation of an astrocyte in normal physiology condition. B, An astrocyte in the early onset of neurodegenerations with decreased fine processes and territory volume variety of neurological disorders including AD, 96 amyotrophic lateral sclerosis (ALS), 97, 98 epilepsy, 99 and depression. 100 In parallel, astrocytes did not show apparent change in GFAP expression, 23, 92 suggesting no apparent astrogliosis. However, they did exhibit profound morphological deficits including reduced PAP volumes, territory size, and altered proximity of astrocyte processes to cortical and thalamic excitatory inputs revealed by the astrocytesynapse proximity reporter NAPA. 23 
CO N FLI C T O F I NTE R E S T
The authors declare no conflicts of interest.
O RCI D
Ruo-Tian Jiang https://orcid.org/0000-0001-5322-6802
R E FE R E N C E S
